A recently introduced extension of videoenhanced light microscopy, called Nanovid microscopy, documents the dynamic reorganization of individual cell surface components on living cells. 40-#m colloidal gold probes coupled to different types of poly-L-lysine label negative cell surface components of PTK: cells. Evidence is provided that they bind to negative sialic acid residues of glycoproteins, probably through nonspecific electrostatic interactions. The gold probes, coupled to short poly-L-lysine molecules (4 kD) displayed Brownian motion, with a diffusion coefficient in the range 0.1-0.2 ttm2/s. A diffusion coefficient in the 0.1 #mVs range was also observed with 40-nm gold probes coupled to an antibody against the lipid-linked Thy-1 antigen on 3T3 fibroblasts. Diffusion of these probes is largely confined to apparent microdomains of 1-2/zm in size. On the other hand, the gold probes, coupled to long poly-L-lysine molecules (240 kD) molecules and bound to the leading lamella, were driven rearward, toward the boundary between lameUoplasm and perinuclear cytoplasm at a velocity of 0.5-1 #m/min by a directed ATPdependent mechanism. This uniform motion was inhibited by cytochalasin, suggesting actin microfilament involvement. A similar behavior on MO cells was observed when the antibody-labeled gold served as a marker for the PGP-1 (GP-80) antigen. These results show that Nanovid microscopy, offering the possibility to observe the motion of individual specific cell surface components, provides a new and powerful tool to study the dynamic reorganization of the cell membrane during locomotion and in other biological contexts as well.
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I
N highly mobile cells, an impressive reorganization of cell surface material occurs, especially at the leading edge (Abercrombie et al., 1970; Bretscher, 1984) . This movement is correlated to the activity of the leading lamella, the protrusion of the lamellipodia, and the retraction of the trailing edge in the global movement of the cell. Another important issue in cell surface organization is lateral phase separation and the existence of putative microdomains (Yechiel and Edidin, 1987) . The dynamic onset of lateral phase separation, for instance, is a prime parameter in ischemia-induced pH shifts (Verkleij and Post, 1987) . Different models have been proposed for the dynamic redistribution of cell membrane proteins (Bretscher, 1983; Goldstein and Wiegel, 1988; Ishihara et al., 1988 ). An accurate assessment of membrane protein organization is of prime importance in distinguishing these models. Clearly there is a need for an accurate dynamic visualization of specific components on the cell surface.
Thus far, the dynamic reorganization of cell surface components on living cells in the light microscope could only be investigated using averaging techniques such as digitized fluorescence microscopy or fluorescence recovery after photobleaching (FRAP).~ These techniques average the motion of a number of components, sometimes driven by an imposed concentration gradient. In that way, the subtle and heterogeneous spatial differences of motion are often not revealed. In addition, the noise usually restricts the amount of information. In the FRAP method, for instance, the interpretation of the experiment is hampered by the very small difference between Brownian motion and uniform flow, which usually is buried in the noise. Progress towards answers on questions concerning mechanism and significance of cell surface reorganization would be facilitated if motion of individual and specific membrane components could be tracked.
The motion of individual large spheres (1 #m and larger) on fibroblast cells was followed with cinemicroscopy, and studied in great detail (Abercrombie et al., 1970; Harris and Dunn, 1972; Dembo and Harris, 1981) . In recent years, technological advances in low-light level microscopy allowed the motion of individual fluorescently labeled low density lipoprotein complexes on macrophages to be followed (Gross and Webb, 1986) . However, fluorescence imaging is hampered by the bleaching of the probe and concomittant phototoxicity. These factors usually restrict time resolution. Recently, video microscopy was used to study the dynamic reorganization of Con A--40-nm colloidal gold (Au) on living cells Kucik et al., 1989) . In this report, we show that Nanovid microscopy, which is the application of video-enhanced light microscopy to specific colloidal gold probes (de Brabander et al., 1986 (de Brabander et al., , 1988 Geerts et al., 1987) , can detect the mobility of individual markers on the cell surface in real time on living cells. We used 40-nm colloidal gold particles, coupled to poly-L-lysine (p-L-l) molecules of 4-and 240-kD, respectively, to detect negatively charged cell surface residues. In addition, we visualized the redistribution of the major membrane glycoprotein PGP-1 antigen (Hughes et al., 1981) on MO cells, by use ofa monoclonal antibody coupled to 40-nm gold particles. Furthermore, the Brownian motion of the Thy-I membrane glycoprotein on 3T3 fibroblast was studied in detail with a 40-nm colloidal gold probe, coupled to a monoclonal antibody against Thy-1. It is shown that these gold probes, coupled to different classes of cell surface components, can reveal lipidmediated fast Brownian motion dynamics as well as an acfive, microfilament-mediated reorganization of the cell membrane components.
Materials and Methods

Cell Cultures
PtK2, MO, and 3T3 fibroblast cells were routinely cultured in MEM supplemented with nonessential amino acids and 10% FCS in a 5% CO2 atmosphere. Before use, at least 48 h after plating, the cells were washed with and transferred to PBS containing 1 g/liter glucose, with or without drug. This was done at least 15 rain before addition of the gold probes.
Gold Particles for Nanovid Microscopy
40-nm gold particles were prepared and stabilized with polyethyleneglycol (PEG) and BSA as described before (De Mey, 1983) . These particles have a negative surface charge. Positively charged gold particles were prepared by incubating this PEG/BSA-stabilized 40-nm Au sols (OD of 38.4 at hm~ of 530 nm) with p-L-I hydrobromide of 4 or 240 kD for 60 rain at room temperature. The final concentration of p-L-I was 100/~g/ml, unless otherwise indicated.
Direct coupling of monoclonal antibodies to the colloidal gold probes was performed using polyvinylpyrrolidine KI5 (PVP, I0 kD; Aldrich Chemical Co., Milwaukee WI) and 0.1% gelatin as stabilizers. The probes were added to the preparation with 50/~1 of a 1:20 dilution in PBS with 1 g/liter glucose. AS a rule, excess gold particles were removed after 15 min by perfusion with PBS + 1 g/liter glucose. All compounds used were dissolved in DMSO (5 mg/ml) and diluted in PBS containing 1 g/liter glucose for the short-term incubations.
FOr the long-term experiments drugs were diluted in tissue culture medium. At the final concentrations used, the solvent had no apparent effects.
Video Microscopy
Preparations were made by inverting the coverslip with the cells on a microscope slide using Parafilm strips as spacers. The microchamber was sealed with Valap (vaseline, lanoline, paraffin, 1/3 of each).
The Reichert Polyvar microscope was equipped with a universal condenser (NA = 1.30) and a 100x planapoobjective (NA = 1.32). Kthler illumination was achieved throughout the observation period using oil immersion on both the condenser and objective lens. Temperature of the stage was kept at 37 ± I°C by an airstream incubator. Observations were made with transmitted light of differential interference contrast using the full numerical aperture of the system, by using the green line (wavelength = 546 urn) of a 100-W halogen lamp or a 200-W mercury arc. The image was projected on the camera of a video microscope system (model C1966; Hamamatsu Phototonics K.K., Hamamatsu City, Japan). The videosignal was fed into a U-marie videorecorder (model VO5850P; Sony). Recordings were made in real-time or in time-lapse mode by using an animation control unit (model HC580; EOS Electronics AV, Barry, UK). As a rule, the recorder was instructed to grab two frames every 10 s. To assess the effect of membrane alterations on colloidal gold density, well-defined regions of cells were observed on the microscope. Manual counts of colloidal gold particles were compared before and after treatment. Living cells incubated for 15-30 rain with p-L-I Au were treated with 0.05% Triton X-100 (TX-100) in PBS or with 0.15% TX-100 in buffer S (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 1 mM MgC12, pH 6.9). In all cases, TXq00 treatment was performed under the microscope.
lmmunofluorescence and EM
For immunoffuorescence, cells were fixed with 1% glutaraidehyde in Pipes buffer (I-IBSS, 5 mM Pipes, 2 mM MgCI2, 2 mM EGTA, pH 6.0) for 10 min and permeabilized with 0.5% TX-100 for 30 rain. The cells were sequentially stained with antiactin antibody (Langanger et al., 1984) and monoclonal antitubulin (Kilmartin, 1982) , and then a mixture of TR1TC-coupled goat anti-rat immunoglobnlins and FITC-coupled goat anti-rabbit immunoglobulins. Coverslips were mounted in Gelvatol with 100 mg/ml DABCO (1,4-diazabicyclo[2.2.2]octane) to reduce fading.
For EM, cells were seeded on MS-122-coated coverslips. Preparations were treated with 2 % osmium tetroxide for 1 h at 4°C, after which they were impregnated for 1 h with 0.5 % uranyl acetate. After dehydration in a graded series of ethanol, they were embedded in Epon. Selected cells on ultrathin sections were viewed in an electron microscope (model EM401; Philips Electronic Instruments Inc., Mahway, NJ).
Charge Measurements
Charge measurements of the gold complexes were performed on an electrophoretic laser light scattering instrument (model 3000, Pen Kern, Inc., Bedford Hills, NY) to determine electrophoretic mobility, which is proportional to the Z potential. Assuming that the Z potential is not very different from the surface potential ~I,, the relation between surface charge density (a) and Z is (Grahame, 1947) o = 0.35 sinh (0.02 Z) ~C/cm 2.
(1)
Quantitative Measurements of Colloidal Gold Motion
For the quantitative analysis of motion, the videotape is read into the external video input of the Hamamatsu processor, digitized by an 8-bit A/D convertor and transferred via a direct memory access interface to a MicroVax II. The video recorder is interfaced to the Vax computer by means of a video device driver (OTOMATE, Netherlands). This allows the operator to automatically take in frames with a constant interframe time, which, depending on the experiment, ranges from 300/~s to I s. Because of the particular character of the gold probe, the particles on the cell surface can be located exactly by a gray-scale morphology algorithm in the video image (Sternberg, 1986; . When the labeling density was not too high, the movements of the gold probes were studied with the Nanovid tracking technique (Geerts et al., 1987b) . Motion was quantified using the relationship between x 2 and the elapsed time (T); i.e.,
where x is the displacement, D the diffusion coefficient, and v the linear velocity. "I~ypically between l0 and 20 frames were used to calculate the regression line. x 2 statistics were used to differentiate between the linear case of pure Brownian motion or the parabolic relationship for a mixed motion. Tracing (which reveals the long-term displacement of individual components, by accumulating subsequent images in real-time and subtracting a static background) was performed with the TRACE mode of an image processor system (model C1966; Phototonic Microscopy Inc., Oak Brook, Data are given for PEG/BSA (P/B) stabilizers and different incubation concentrations of p-L-l. All incubations were performed in identical conditions as for the video microscopy experiments. The surface density is calculated according to Eq. 1. Addition of longer p-I-1 molecules reverts the original negative charge on the stabilized Au sol, as evidenced by the less negative Z potential. In addition, increasing concentrations of p-I-I results in more explicit charge reversions.
IL). The histogram distribution out of such a TRACE image (the area covered by one particle in its diffusion behavior over a certain period is proportional to the square of its displacement) as compared to the calculated probability functions for free two-dimensional diffusion (Crank, 1974 ) is as follows:
In situations where the density of gold label was too high for individual particle tracking, movements were analyzed over 500 to 1,000 image frames by Nanovid Correlation Spectroscopy (Geerts et ai., 1987a) . Briefly, some 20 to 30 "windows" of size ~0 are outlined on the surface of the cell in the video experiment, and the concentration of gold probes in each window is measured for each frame. The "instantaneous" concentration of gold particles fluctuates, due to random diffusion in and out of each window. The average decay time for each fluctuation, Ta, is calculated to be ~2/4D. We therefore get a spectrum of diffusion constants (D) in different points over the cell.
Results
Characterization of the Binding of Various Gold Probes to the Cell Surface
The intrinsic negative charge on colloidal gold particles is neutralized and reversed by the binding of p-L-I to their surface. The mean charge density, as measured by electrophoretie light scattering is a weighted average over a large distribution of charges. Table I shows that the average charge on PEG/BSA-stablized gold probes is negative. However, this charge can be decreased and even reversed by incubation with different sized p-L-I in various concentrations. It is clear from this table that the 4-and 240-kD p-L-l-coated gold probes have similar charge densities.
In addition, control experiments showed no labeling of the cell surface even after prolonged incubations with concentrated negatively charged PEG/BSA Au sol. Sometimes a particle was seen touching the cell membrane. It moved on the membrane in a Brownian fashion for a short period (5-10 s) and detached again. Apparently, only the fraction of the gold probes carrying positive charges was selected out to bind to the negative sialic acid residues.
Further information on the binding sites of the p-L-I Au conjugates was deduced by the effect of various plasma membrane alterations. First, plasma membrane was removed by incubation with TX-100. 4-kD p-L-1 Au was partly removed (60 %) by treating the cells with TX-100-containing buffers. Accumulations on cell contacts did not completely disappear but the label density was strongly reduced. The 240-kD p-L-1 Au particles showed a higher resistance to the TX-100 treatment as only 18 % of the label was removed. In particular, accumulations formed on transition zones and cell-cell contacts stayed at their location, often near actin filaments. When these lysis conditions were applied to cells labeled with the fluorescent lipid probe Dil-C~8-3, all membraneassociated fluorescence was removed.
Neither 4-or 240-kD p-L-I Au on cells fixed by 1% glutaraldehyde after addition of the positively charged particles could be removed by TX-100 treatment (up to 2%). when cells were first fixed, labeled with positively charged particles, and then treated with TX-100, 80% of the 4-kD p-L-1 Au was removed while the 240-kD p-L-1 Au particles remained on the cell surface.
Incubation of the cells with 20 #g/ml trypsin in CaMg-free PBS removed the 4-kD p-L-1 Au but had no effect on the 240-kD p-L-I Au.
Digestion with neuraminidase from Vibrio cholerae (Skutelsky and Roth, 1987) , to remove negatively charged sialic acid residues, or a 48-11 treatment with 1-deoxymarmojirimytin (DMJ), a mannosidase inhibitor (Fuhrmann et al., 1985) , had no effect on the label efficiency or behavior of the 240-kD p-L-I Au (Table II) . Both compounds, however, strongly reduced the label density of the 4-kD p-L-1 Au (Table II and Fig. 1 d) .
Finally, binding was unaffected by precooling to 8°C (Table 1I). Gold probes labeled with monoclonal antibodies to PGP-1 or Thy-1 are assumed to directly interact with their respective cell surface antigens. Cells not expressing these antigens (PtK2 for PGP-1 or MO for Thy-1) indeed showed little or no gold particle binding.
4-kD p-L-I Au40 Binds to Surface Components That Undergo Random Lateral Diffusion
When 4-kD p-L-I Au40 (40-nm gold particles) was added to living PtK2 cells, an evenly distributed label on the cell surface was obtained (Fig. 1 a) . The affinity of the gold probes for the cells was much higher than for the glass sur- The mobilities are calculated by means of the Nanovid correlation spectroscopy analysis (see text). Diffusion coefficient is averaged over a number of windows (n) on the cell surface. In the condition of 8"C and of the Thy-I probe, we w¢re able to analyze the motion behavior with Nanovid tracking because of the low density of collodial gold. In this last case, the number of analyzed movements is indicated.
face. Most of the membrane-bound particles underwent apparent Brownian motion on the cell surface which was markedly diminished by reduced temperature but unaffected by ATP depletion or disruption of the actin cytoskeleton by cytochalasin B (Table IIl) . Particles treated with 10 #g/ml 4-kD p-L-1 all showed Brownian motion but the label density was low when compared with 100 #g/ml (Table ID. When incubated with 1 mg/ml 4-kD p-L-1 a mixture of moving and fixed particles was seen on the cell surface. No aggregates or accumulations were formed on the cell surface. After 30 min cell-cell contacts were accentuated by particles assuming fixed positions in these regions. These "accumulations" were presumably formed by particles diffusing to the contact where they were trapped. Occasionally particles were seen to leave these accumulations and to resume diffusive motion. The large majority of the gold particles remained on the surface for up to 4 h. Very infrequently gold'particles were endocytosed in vesicles that subsequently migrate through the cytoplasm in a saltatory fashion (data not shown). When 4-kD p-L-1 Au40 was applied to prefixed cells, only '~6 % of the bound particles exhibited Brownian motion and the gold did not accumulate in contact areas.
The diffusion coefficients as calculated from the Nanovid correlation spectroscopy analysis covered a 2-3-fold range. In addition, in cases where the density was much lower (for instance by using colloidal gold probes labeled with 10 #g/mi p-L-l), a diffusion coefficient could be calculated from the slope in the x vs. T relation (Fig. 1 f ) . On the TRACE images (Fig. 1, b and e) , the white clusters are areas (proportional to the x 2) covered in 30 s by individual gold particles. The probability distribution, calculated from these TRACE images, are compared with the probability distribution expected for free diffusion (Fig. 1, c and e) . It is clear that the gold particles were unable to walk over large distances, as predicted by the free diffusion model. This feature of hin- 
Complexes of 240-kD p-L-l Au40 Cell Surface Complexes Primarily Undergo Retrograde Movement Dependent on ATP and Microfllament Integrity
The 240-kD p-L-1 Au40 behaved in an entirely different way when added to cultured ceils (Fig. 2) . These particles bound to the coverslip to the same extent as to the cell surface. Membrane-bound particles assumed fixed positions immediately after touching the cell surface. Tune-lapse recordings of cells with free peripheral lamellae showed a centripetally oriented flow of the gold particles on the lamellae. At the transition zone between the thin peripheral parts (lamelloplasm) and the organdie-containing cytoplasm (endoplasm) this flow stopped and the gold particles accumulated in these regions within 15-20 min. On the ventral cell surface (close to the coverslip) or on cells without free peripheral regions no flow or aggregation of particles was seen.
If the p-L-I concentration was altered, the behavior of the gold particles slightly changed. Gold particles treated with 1 mg/ml of the 240-kD p-L-I behaved the same way as the ones treated with 100/zg/ml. At 10 #g/ml of 240-kD p-L-I a small amount of the surface-bound particles showed twodimensional Brownian motion.
To see which aspects of the dynamic behavior of p-L-I Au were dependent on the living state of the cells, monolayers were fixed before gold labeling, either with glutaraldehyde (1% for 10 min) or formaldehyde (4% for 20 min) and transferred to PBS containing 1 g/liter glucose at 37°C. Both fixatives gave identical results. 240-kD p-L-1 Au40 particles all assumed fixed positions immediately after attaching to the cell surface. Label was evenly distributed on the entire cell surface, indicating a uniform distribution of binding sites before labeling. This remained so for long times. Internalized gold particles were detected by looking for saltatory motion rather than Brownian motion or retrograde movement on the live video image. It turned out that this internalization was much more frequent with this probe than with the 4-kD p-L-I Au. Although most gold particles remained on the surface for up to 2 h many more endocytic vesicles containing gold were seen (see Fig. 7 b) . It was clear from the video images that internalization occurred preferentially at the transition zones between lamello-and endoplasm (possibly due to the high concentration of probes at that location).
When 240-kD p-L-I Au was added to cells that already had 4-kD p-L-I Au on their surface or vice versa, each population of membrane-bound particles behaved as in single-label experiments. The addition of the second gold probe had no effect on the dynamic behavior of the first. The behavior of the 240-kD p-L-I Au was reminiscent of the rearward movement of large particles on certain cell types (Abercrombie et al., 1970) and has been related to the movement of submembranous microfilament arcs (Heath, I983). Therefore we investigated whether such an interaction could be relevant to our observation.
In the peripheral lameUae, it was obviotis that there is a close relation between the cytoskeletal organization and the centripetral movement of the 240-kD p-L-I Au. In cells, fixed and stained for actin at different times after addition of the gold probe, the accumulation in the transition zone was in general closely related to the microfilament arc parallel to the leading edge and closest to the nucleus. No relationship existed with microtubules or with stress fibers that were arranged more or less orthogonally to the free cell border (Fig. 3) .
When living cells were observed with video-enhanced Figure 5 . The effects of 1-h treatment with 10 mM sodium azide on the distribution of240-kD p-L-I Au40. There is no evidence for aggregation as observed in other experimental conditions. The preparation is mounted on the microscope and continuously observed. During the first 20 rain the distribution did not change (a). At 20 mitt the preparation was perfused with PBS supplemented with 1 mg/ml glucose to restore ATP levels. Gradually, retrograde flow resumes and aggregation becomes evident again (b-d) .
de Brabander ¢t al.
Motion of Membrane Proteins in Nanovid Microscopy
differential interference contrast microscopy, the movement of the microfilament arcs sometimes could be followed. These structures formed close to the leading edge and moved centripetrally until they reached the transition zones where they disappeared or were no longer discernible from other cellular structures. When 240-kD p-L-I gold was added to such cells the flow of surface-bound particles was closely associated with the centripetral flow of the arc-shaped microfilament bundles. Many particles remained apparently attached to an underlying arc throughout their centripetral movement (Fig. 4) . Other particles located between two successive arcs migrated at the same velocity, suggesting that they were linked to a microfilament arc or sheet that could not be resolved. All particles finally accumulated in the region where the movement of the arcs became arrested.
To study the mechanism of the directed retrograde transport the influence of ATP depletion and cytoskeletal alterations was investigated. 240-kD p-L-1 Au added to cells pretreated with 10 mM sodium azide did not migrate towards the transition zone by the typical centripetal flow. The majority of the surface-bound particles exhibited Brownian motion, although it was characterized by a lower diffusion coefficient than for the 4-kD p-L-1 Au40 (Table HI) . Furthermore, no accumulations were formed either on the transition zones nor On intercellular contacts. At that point, the cells were perfused with PBS containing 1 g/liter glucose to restore the ATP levels. The Brownian motion ceased immediately and the centripetal flow resumed. Accumulations formed again on both transition zones and on intercellular contacts (Fig. 5) .
On the other hand, when sodium azide was added to cells with 240-kD p-L-I Au which had accumulated on the cell surface for 20 min, particles started to move in a Brownian fashion resulting in a dispersion of the accumulations on cell-cell contacts and on transition zones. They gradually redistributed on the cell surface. In contrast, the mobility of the 4-kD p-L-1 Au was not significantly altered by sodium azide pretreatment (Table III) .
Disruption of the microtubule network by nocodazole (1 #g/ml, 24 h pretreatment) did not induce any changes in the binding or behavior of the p-L-1Au particles (data not shown). However, pretreatment of the cells with cytochalasin B (1 or 10 #g/ml for 24 h) markedly altered the behavior of the 240-kD p-L-1 Au without affecting its binding to the cell surface. The majority of the membrane-bound particles now showed some limited Brownian motion. Time-lapse observation did not reveal any kind of flow. Large aggregates accumulated above the center of the cells, which often corresponded to dense aggregates of antiactinin staining. Microfilament arcs could no longer be detected in these cells (compare Fig. 6  d and 4 d) . Furthermore, the rate of internalization was appreciably faster than in untreated cells. The endocytosed particles accumulated in the juxtanuclear area. No accumulations were formed on intercellular contacts (Fig. 6) . This shows that an intact microfilament organization is necessary for retrograde movement of the 240-kD p-L-l complexes.
The compounds that arrested the centripetal migration of the 240-kD p-L-1 Au also affected the actin filament organization as visualized with immunofluorescence. Most notably, microfilament arcs could no longer be detected in cells treated with any of these compounds. In azide-treated cells, stress fibers became progressively fragmented leaving short fibers and actin-staining aggregates concentrated above the nucleus (data not shown). There was no relationship between gold particles and the remaining antiactin staining network, which replaced the stress fibers and arcs.
The involvement of microfilaments in the transport is further supported by ultrastructural evidence of cell surface gold particles in apparent association with underlying cytoskeletal elements (Fig. 7 a) . Slight internalization was observed during the first hour after gold addition as observed with EM. Accumulation of gold particles were within interhal membrane-bounded vesicles (Fig. 7 b) . After 2 h, approximately half of the particles were internalized, while after 4 h the majority was located intracellularly and distributed in large endocytotic vesicles.
40-nm Au-anti-PGP-1 Antibody Complexes Are Capped Similar to 240-kD p-L-1Au40 Cell Surface Complexes
The behavior of the 240-kD p-L-1 Au40 was compared to gold labeling of PGP-1, a major murine cell surface glycoprotein (Hughes et al., 1981) .
40-nm colloidal gold, coupled either to a monoclonal antibody against PGP-1 or to 240-kD p-L-1Au40, bound avidly to the cell surface of MO cells, and displayed no motion when observed in real-time. However, in the time-lapse mode, a directed rearward motion of the probe became apparent ( Fig. 8) with a velocity in the 0.5-1 t~m/min range. The probe accumulated in specific areas, which because of the morphology of the cell were not clearly delineated as transition zones between cytoplasm and lamelloplasm. The uniform motion was also inhibited in a reversible way with 10 mM sodium azide (data not shown).
Au40-Thy-1 Antibody Complexes Diffuse Randomly But in Restricted Regions
The behavior of 4-kD p-L-I Au40 was compared with Thy-1, a lipid-linked glycoprotein (Tse et al., 1984; Gupta et al., 1988) . A monoclonal antibody against the Thy-1 antigen (Ishihara et al., 1988 ) was coupled to 40-nm colloidal gold, and incubated with 3T3 fibroblasts. We investigated the effect of two different stabilization agents, BSA and a mixture of PVP and gelatin. With the BSA stabilization, binding was de Brabander et al.
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moderate, and •50% of the gold probes remained immobile. These immobile probes generally had more contrast in the video image, suggesting that they were highly aggregated (Fig. 9 a) . With the PVP-gelatin stabilization procedure, however, ~v80% exhibited a Brownian motion with a calculated diffusion coefficient of 0.1-0.2/zm2/s (Fig. 9, d and e) . The contrast of these gold probes was more uniform, suggesting much less aggregation of the gold particles.
The probes did not exhibit any uniform flow as judged by time-lapse observations. This observation is consistent with FRAP measurements on 3T3 cells (Ishihara et al., 1988) . If one follows a single particle over time by the naked eye, one gets the impression that the movement of this particle is bounded in some way. Often a particle interrupts its jerky Brownian motion for several seconds, stays immobilized, and then resumes its motion. This behavior was observed on different cells. The suggestion of hindered diffusion is confirmed by a detailed analysis of the motion. Indeed, Fig.  9 shows in detail that this diffusion is somewhat spatially restricted, in apparent domains with a size between 0.7 and 2 #m.
We first calculate a diffusion coefficient of 0.1 #m2/s from the slope of the x 2 vs. T relation at time zero. Starting from this measured diffusion constant, we calculate that in 30 s about 32% of the particles should have moved in excess of x = ~/4Dt, or 3.5 #m from their starting points (Eq. 3). The real distance can be assessed by the areas covered by the particles and shown in the TRACE image. Fig. 9 , b and e, shows the TRACE images observed over 30 s for two different label densities of the Thy-1 probe. Fig. 9 c displays the distribution of areas covered by the motion of some 75 individual particles during 30 s. Comparison with the expected distribution (Eq. 3) reveals the existence of apparent microdomains with 0.5-1 #m diameters.
In addition, the x 2 vs. T for individual particles should follow a linear relationship in the case of free diffusion. However, a real x 2 vs. T relation shows a downward reflection at values for x 2 between 1 and 3 #m (compare Fig. 9 f with Fig. 1 f ) . This suggests also restricted diffusion in microdomains of 1-2 #m.
Discussion
Binding and Mobility of 4-kD p-L-1Au Ligands in Relation to Thy-1 Gold Complexes
The reduced labeling of the 4-kD p-L-1 Au probes, after treatment of the cells with neuraminidase of DMJ, suggests that the positively charged gold particles bind predominantly to negatively charged sialic acid residues of membrane glycoproteins and glycolipids. The substantial Tx-100-induced release of 4-kD p-L-1 Au40 indicates that a large portion of the gold is bound to membrane components embedded in the lipid bilayer. The conclusion that 4-kD p-L-1 Au40 predomi- Diffusion coefficients of 4-kD and the Thy-1 probes are in the 0.1-0.3/~mVs range, much larger than the diffusion coefficients of Con A-labeled gold (0.004-0.01 #mVs) . This probably reflects the fact that the majority of Con A receptors are membrane glycoproteins with lower diffusion coefficients. The Con A probe probably cross-links many glycoproteins, their motion resembling the motion of our 240-kD p-L-1 probe. Uniform motion at this low velocity (0.5-1 #m/min) indeed can be assessed only accurately, when observed over many minutes. In addition, observation of the Con A-gold probes by Sheetz et al. (1989) was performed in the differential interference contrast mode, which is less sensitive to the visualization of individual gold probes. We provide clear evidence that the diffusion of the 4-kD p-L-1 Au40 and the Thy-1 probes is spatially restricted. The x 2 vs. T behavior of many individual tracks show hindered diffusion at a scale of 1-2/zm. In addition, visualizing the motion of a large number of particles with the TRACE feature of the Hamamatsu image processor indicates that particles do not wander nearly as far as would be expected if their diffusion were free. This observation further agrees with the experiments of Sheetz et al. (1989) who found spatially restricted diffusion of Con A-labeled gold.
Restricted diffusion has been observed in earlier work on erythrocytes (He and Hui, 1985; Peters, 1988) and on mammalian sperm (Cowan et al., 1987) . In addition, from the dependence of the immobile fraction on the beam radius of FRAP measurements of N-7-nitrobenz-2-oxa-l,3,diazol-4-yl amino-phosphatidylcholine, Yechiel and Edidin (1987) found evidence for protein-rich 1-/zm domains in fibroblasts. In this regard, the observation that individual gold probes alternate diffusive motion with periods of immobilization suggest the association and dissociation of the probes with certain membrane or cytoskeleton elements, which somehow line the microdomain. This behavior is in line with the concept of temporary association and dissociation of mobile glycoproteins with an underlying cytoskeletal complex (Edelman, 1976) .
These observations have extremely important implications for membrane structure; however, the challenge remaining lies in demonstrating that the apparent microdomains are not experimentally induced by the large gold particles themselves.
In principle, the observed immobile gold clusters in the Thy-1 experiment could arise from aggregate formation caused by the multivalency of the colloidal gold-antibody complex. Multivalent gold probes could interfere with the motion by cross-linking several epitopes. With the classical BSA stabilization methods, experiments in our lab have shown that ~25-30 antibodies are coupled to one 40-nm gold probe, the vast majority of which will not be able to bind the antigen. Recent developments in stabilization agents, which cover more efficier-~y the available gold surface, drastically reduce this number. It is therefore important in Nanovid microscopy to characterize the degree of multivalency of the gold probes.
In addition, steric hindrance of the gold labels themselves could, in principle, restrict movement. However, we provide evidence suggesting that the mobility of 4-kD p-L-1 Au is in the same range as the values obtained from FRAP measurements on fluorescently labeled anti-Thy-1. Its diffusion coefficient is among the highest observed for membrane constituents. Only at the intercellular contact areas were immobile probes found. This shows that, at least for the shortrange diffusion of the 4-kD p-L-1 Au40 and the Thy-1 probe, interference from the large gold probe is negligible. If the observation of microdomains should be due to artificial cross-linking of colloidal gold labels, the notion of restriction Brownian motion should be dependent on gold density. The fact that we observed restricted Brownian motion at different densities suggests that the apparent microdomains are not induced by the gold probes themselves.
There is no evidence for directional flow (Bretscher, 1984) of the 4-kD p-L-1 probe or the Thy-1 probe on the time scale of the experiment (1-2 h) . In addition, when we calculate the ratio between the probe concentration at the leading edge (C,) and a zone L 20 ttm away (Cb) at equilibrium, for an observed flow (F) of 0.5/zm/min and a diffusion coefficient (D) of 0.31 #m2/s (for the 4-kD p-L-1 Au probe), we obtain a value of C, ICb = exp(-FL/D) or 0.63 (Bretscher, 1976) .
This means that in the model of lipid membrane flow, a fraction of 1/(1 + 0.63) or 62% of the particles should have moved towards the cell center. Over an observation period of 1-2 h, we found no evidence for this large segregation. The physiological implications of such diffusion in microdomains could be important. Indeed, binding of substrates to receptors and subsequent diffusion to an effector complex can be performed more efficiently when the mobility is restricted to small domains (Peters, 1988) . In addition, compartmentalization of the cell membrane could enhance the rich variety of cellular responses to different stimuli by directing extracellular signals towards well-defined intracellular compartments. In neuronal cells, for instance, the extreme differentiation between dendrites and axons permits a tight coupling between electrical membrane events and intracellular effects (Angelides et al., 1988) .
Binding and Mobility of 240-kD p-L-l Au Ligands in Relation to PGP-1-Au Complexes
The fact that 240-kD p-L-I Au complexes are largely determined insoluble suggests an association with the cytoskeleton; further support for this assertion comes from the ultrastructural evidence (Fig. 7 a) . Certainly, the long p-L-1 chains may serve to cross-link several membrane components and this cross-linking may induce coupling of the membrane complex to the cytoskeleton. The positively charged p-L-1 molecules may bind to negatively charged glycoproteins and glycolipids as well as acidic phospholipids. Indeed, 240-kD p-L-1Au has been shown to interact strongly with model membranes, even inducing phase separation (Carrier et al., 1985; Laroche et al., 1988) . Alternately, the cell surface may contain a small percentage of glycoproteins that are linked to the cortical cytoskeleton. The multivalent polylysine gold would then have a greater probability of binding to at least one such glycoprotein in addition to unlinked elements.
The rearward movement of 240-kD p-L-1Au probes on the leading lamellae of motile cells closely resembled the motion of the membrane glycoprotein PGP-I, patched by addition of cross-linking antibodies (Holifield et al., 1990; , and K. Jacobson, manuscript submitted for publication) suggesting that the 240-kD p-L-1 Au probe is transported in a similar fashion.
The transmembrane linkage endows the markers with a fixed position over much of the cell surface. On the peripheral edges, those membrane components are constantly swept backwards by a mechanism, probably involving linkage of aggregated membrane components to a rearwardmoving, actin-based cortical cytoskeleton (Heath, 1983; Forscher and Smith, 1988) underlying the dorsal surface of the active lamella. This view is supported by our video microscopic and immunofluorescence data, the ultrastructural evidence, and the inhibition of transport by either ATP depletion or cytochalasin B. These data are consistent with other recent analyses of rearward particle transport (Fisher et al., 1988; Sheetz et al., 1989; Forscher and Smith, 1990 ); all of this data is compatible with a retrograde actin flow, as opposed to a rearward lipid flow (Bretscher, 1984) , driving surface particle movements. This account demonstrates that Nanovid microscopy is a powerful tool to follow the dynamic behavior of individual membrane components. The individual gold particles can be followed at high resolution and quantitative information can be obtained by computer analysis.
